We demonstrate theoretically and experimentally that optical beams are self-focused and self-trapped upon initiating photopolymerization. This unique nonlinear optical phenomenon is dependent on the optical exposure and produces permanent index-of-refraction changes larger than 0.04. The resulting nonlinear wave equation is shown to be nonlocal in time and displays self-trapped solutions only for suff iciently low average optical intensities. © 1996 Optical Society of America
In this Letter we propose and demonstrate a new mechanism for self-focusing and self-trapping based on photopolymerization. Photopolymerization produces a permanent index change that is a function of absorbed optical energy rather than of intensity and is larger than the Kerr index change by orders of magnitude. Although Kerr solitons require an intensity of megawatts per square centimeter, 1 we show that light beams can be self-trapped in photopolymers only for suff iciently low average intensities. The response time of the Kerr nonlinearity is on the order of femtoseconds, and the nonlinear optical response time of photopolymerization increases from milliseconds to minutes as the reaction proceeds. Like the Kerr effect, photopolymerization is a local phenomenon in space, for the index change at any location depends only on the light intensity at that same location. However, the index change is nonlocal in time, for it depends on the history of the optical electric field at all earlier times. We show that this leads to a fundamentally new form of the nonlinear wave equation that displays transient, self-guided solutions.
The propagation of light in a photopolymer is described by the nonlinear wave equation for the optical electric field. The nonlinearity arises from the dependence of the index of refraction and absorption on optical exposure. The index of refraction of the monomer during cross-linking is measured on an Abbe refractometer at 589.3 nm. For a diacrylate and triacrylate photopolymer, the maximum index changes are 0.043 and 0.028, respectively. Figure 1 illustrates the measured evolution of the index of refraction of the diacrylate photopolymer. The index variation with exposure displays three distinct responses. During the first stage, for low exposures, the polymer chains are small (,10 monomer units). In addition, radicals are scavenged by the highly reactive oxygen molecules absorbed by the photopolymer. The bonding of two relatively small molecules induces only a small density and index-of-refraction change, corresponding to the initial f lat induction period in Fig. 1 . During the second stage, large polymer molecules are formed, and cross-linking between adjacent chains draws entire polymer backbones together, resulting in a large index change proportional to the density change. Unlike the Kerr effect, the index response is delayed by 0.01-1 s relative to the illumination. The third stage exhibits saturation of the index change as the polymerization reaction approaches completion. At this final stage the diffusion constant of monomer radicals responsible for chain building has decreased dramatically to a value as small as 10 210 cm 2 s 21 (Ref.
2) so that seconds to minutes are required for the index change to develop. The largest index changes within the polymer are expected to be less than or equal to 0.15, 3 well in excess of traditional nonlinear optical phenomena such as the Kerr and photorefractive effects, which display index changes of less than 10 23 . Experimental results such as Fig. 1 for a wide range of acrylate photopolymers indicate that the index response to an optical field amplitude E is of the form
where t is the monomer radical lifetime. The expression for absorption photobleaching is approximately
U o is the critical exposure needed to induce polymerization. Note that the real part of the index response 0146-9592/96/010024-03$6.00/0 © 1996 Optical Society of America lags behind the application of the optical field by a time delay t. This index change develops once the photogenerated radical diffuses to an appropriate monomer unit and induces cross-linking, rather than immediately after the generation of radicals. However, the absorption change associated with photoinitiator photocleavage occurs within several femtoseconds. One can reduce or even eliminate the induction period apparent for small exposures in Fig. 1 by purging the monomer of oxygen radicals. The experimental data then display good agreement with Eq. (1). Several qualitative predictions regarding the evolution of the light-induced waveguide can be deduced from Fig. 1 . At early times, the induction period and the delay in the material response impede selftrapping. The induction period causes exposure thresholding. Polymerization is initiated first in regions of intense illumination, so the lateral dimension of the waveguide is smaller than that of the optical beam. The lenslike index prof ile focuses primarily the central part of the beam. At later times the index increases linearly with exposure and the index distribution becomes a faithful replica of the transverse intensity prof ile. Self-focusing is strong, and the waveguide extends through the medium. For large exposure the index change saturates at the center of the waveguide and self-focusing is diminished. At this stage the waveguide becomes essentially a step-index fiber. Of course, for very large exposures the entire liquid volume will polymerize because the tails of the optical field extend beyond the core and into the uncured photopolymer. Although not treated by Eqs. (1) and (2), the scatter of light and the diffusion of free radicals beyond the illuminated region further contribute to the increase in waveguide diameter and the termination of guiding.
The guidance condition for an optical waveguide depends on the index change between the solid polymer core and the liquid polymer cladding. For a typical index change of 0.04, the smallest stable diameter of the self-trapped beam is expected to be 0.6 mm. An additional and unique condition for self-trapping in photopolymers is that the average optical intensity must be below an approximate threshold value given by I ave , U o ͞t, where U o is the critical exposure needed to cure the photopolymer and t is the monomer radical lifetime. For a typical photopolymer composition (photoinitiator concentration 0.005 wt. %, U o ഠ 1 J cm 22 , t ഠ 100 ms), the average intensity must be less than 10 W cm 22 . The optical nonlinearity is unique in that it occurs only for low average optical intensity. Intuitively, if intense illumination were used, a large number of radicals would be produced in a time that is short compared with the radical lifetime t. The photopolymer would then cure completely in the illuminated region, before the optical beam experienced an index change.
Analytical solutions to the nonlinear wave equation with an index-of-refraction response given by Eqs. (1) and (2) are obtained only for overly simplistic approximations. We therefore analyze the propagation of the optical wave through the photopolymer numerically by solving the complete nonlinear wave equation. The intensity prof ile is computed by the beam-propagation method, 4, 5 incorporating the transparent boundary condition 6 and the measured index evolution. Typical photopolymer compositions used in these experiments have low optical absorption associated with the photoinitiator, so photobleaching described by Eq. (2) can be ignored. Two-dimensional numerical simulations exhibit selftrapped solutions to the nonlinear wave equation for low average optical intensities. Figure 2 illustrates the electric field amplitude of the self-trapped Gauss- ian beam in a photopolymer liquid. The waist of the beam is located at the input surface of the photopolymer. The beam width at the input is equal to two wavelengths, and the propagation distance is 500 wavelengths. Note that the horizontal scale is magnified by a factor of 10 compared with the vertical scale, to improve the transverse resolution. The left-most simulation illustrates the evolution of the beam through the homogeneous photopolymer before any index changes are induced. The time steps from the left to the right are in units of 5t c . t c is a parameter chosen to equal the time needed to attain the critical exposure U o at the location of maximum intensity of the optical beam. Self-trapping of the optical beam is apparent after an exposure of 15t c . The weak oscillations in the beam diameter evident at 15t c are typical for selftrapped beams. 7 The background absorption length is 10 3 wavelengths, so self-trapping terminates in approximately this distance.
We have experimentally observed self-focusing in a liquid diacrylate monomer using the experimental setup of depicted in Fig. 3 . The input beam is a 1-mW, TEM 00 mode at 325 nm with a 100-mm beam diameter at the entrance face. The left-most simulation in Fig. 4 illustrates the beam prof ile at t 0 inside the liquid photopolymer. Time increases from left to right. The right-most simulation in Fig. 4 is taken after approximately 30 s of continuous illumination. The position of the beam waist moves closer to the input plane as photopolymerization proceeds, a manifestation of self-focusing.
We observe dramatic self-trapping of optical beams over distances in excess of 3 cm and diameters of 10-50 mm by exposing the polymer to a sequence of short exposures separated by a diffusion time. Figure 5(a) shows a series of solid polymer fibers 10 mm in diameter and 3 mm in length inside a diacrylate photopolymer. Since the solid is denser than the liquid surroundings, the structures bend downward from the entrance face of the cuvette after several hours. The waveguides can be steered during formation by introduction of an asymmetry across the transverse intensity prof ile of the beam. Each fiber is exposed 30 times for 1͞16 s, with a delay of 1-10 s between successive exposures to ensure that the average intensity is below the threshold value given above. An array of fiberlike structures can be fabricated to produce a three-dimensional microlattice [ Fig. 5(b) ]. The diameter of each solid filament is 50 mm, spaced by approximately 500 mm. The beam is guided over a distance greater than 10 mm. Regular arrays of posts of 200-mm diameter and 10-mm length have also been fabricated in an epoxy -triacrylate photopolymer, as illustrated in Fig. 5(c) . Each post is formed by a single 1͞8-s exposure, so the average intensity is too large to exhibit trapping. Hence, the diameters of the waveguides are significantly larger.
The diameters of the fibers in Figs. 5(a) and 5(b) remain constant well beyond the confocal parameter of 122 mm for a Gaussian input beam with a 3-mm waist. This is a signature of self-trapping. The diameter of the guided beam is highly dependent on the composition of the photopolymer, its oxygen content, and the optical intensity. The self-trapped beam is found to survive over a distance approximately equal to the absorption length. These findings show good qualitative agreement with the numerical simulations. Note that the oscillations in waveguide diameter predicted numerically are of suff iciently small amplitude (ϳ1 wavelength) that we do not expect to resolve them experimentally.
In summary, we have demonstrated theoretically and experimentally that optical beams are self-focused and self-trapped upon photopolymerization. The resulting nonlinear wave equation is unique in that it is nonlocal in time and displays transient yet pronounced self-trapped solutions. Another unique feature of this nonlinear optical effect is its slow time response. This phenomenon belongs to an entirely new class of optical nonlinearity observed only at suff iciently low average optical intensity. We believe that this nonlinear optical effect may have fundamental technological applications to microfabrication, in which photopolymers are ubiquitous as photoresists for photolithography and micromachining.
